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ABSTRACT 
j 
i 
. i  
A semiempir ica l  technique has  been developed to determine the electron-  
density and collision-frequency distributions in the plasma surrounding an  
Apollo vehicle during ear th-atmosphere entry. 
calculations, the communications -blackout boundaries fo r  a c a r r i e r  f r e -  
quency of 2. 287 GHz were  constructed. 
velocity range of 14, 000-35, 000 f t / sec .  
this range, the altitude uncertainty band is f 5000 f t .  
Utilizing the resul ts  of these  
Results a r e  presented f o r  an entry-  
F o r  any a r b i t r a r y  entry velocity in 
Reaction-rate coefficients fo r  the important electron depletion reactions 
were experimentally determined at elevated electron temperatures .  Values 
were measured  fo r  the reactions NO 
and 02+ t e--O t 0 . These ra te  coefficients were  used in the nonequi- 
librium-ionization calculations of plasma electron density and collision f r e  - 
quency. 
t -  t e -N t 0 N2' t e--N t N 
Because of the altitude range of in te res t  in this work, it w a s  necessary  
to  perform calculations fo r  conditions at which the thin boundary-layer 
approximation w a s  valid and a l so  for  conditions at which the boundary layer  
was thick and thus the shock layer  was predominantly viscous. 
calculation techniques were necessar i ly  developed fo r  both of these conditions 
because they were not available in the l i t e ra ture  at the initiation of these 
studies. 
of the three-dimensional boundary-layer growth including m a s s  injection. 
Flow-field 
It w a s  fur ther  necessary  to formulate a method fo r  the calculation 
A semiempir ical  technique w a s  formulated to obtain est imates  of the 
gasdynamic quantities in the afterbody separated-flow region. 
w a s  made of available experimental  data in performing these calculations. 
The resul ts  of the analysis i l lustrated that additional experimental  data should 
be obtained if the separated-flow region is  to be adequately described. 
Maximum use 
Once the electr ical  propert ies  of the plasma were determined it was then 
possible to  investigate the propagation of a microwave-signal t ransmission 
f r o m  the vehicle to the outer surroundings. 
w a s  performed using the Apollo 501 flight data a s  representative of actual 
A parametr ic- type investigation 
iii 
flight conditions of interest .  
antenna-impedance mismatch on the microwave t ransmiss ion  were  taken into 
account. By using the flight data in this manner ,  reasonable correlat ion was 
obtained between the deduced electron-density prof i les  and those predicted 
on the bas i s  of the flow-field calculations. In addition, quantitative agree-  
ment  between the predicted signal attenuation and the flight data w a s  achieved. 
The influence of antenna near-field effects and 
iv 
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1. INTRODUCTION 
- 1  
I 
. *  
... J 
, 
The purpose of the r e sea rch  supported by Contract NAS 5-9978 was to 
determine the altitude -velocity communications -blackout boundaries f o r  the 
ear th-atmosphere entry of the Apollo vehicle upon r e tu rn  f r o m  lunar  missions.  
This purpose has  been achieved in that CAL has  recently been informed by 
NASA that the Apollo flight data a r e  in excellent agreement  with the predicted 
blackout points. 
This contract  w a s  initiated in January 1966, and represents  a continua- 
tion of r e sea rch  begun at the Cornel1 Aeronautical Laboratory in June 1964, 
under support of Contract NAS 5-3976. 
la t te r  contract  w a s  published in January 1966 . 
A summary  repor t  describing this 
1 
Several  a r e a s  of r e sea rch  were pursued in o r d e r  to  permi t  the de te r -  
mination of the blackout boundaries. 
investigation of the chemical kinetics associated with the plasma surrounding 
the Apollo vehicle. 
chemical reactions important fo r  the Apollo flow environment using estimated 
o r  extrapolated ra te  - coefficient data. 
were not available fo r  the reactions found to be important,  the experimental  
p rogram descr ibed herein w a s  undertaken. Experiments were performed in 
the expanding-flow environment of a reflected-shock tunnel using air, N2 ~ o r  
O2 a s  the test gas. 
in  the expansion using microwave interferometers  and thin-wire Langmuir 
probes.  
f r o m  the current-voltage charac te r i s t ics  of the voltage-swept Langmuir probe. 
As  a resul t  of these studies,  the ra te  coefficients were  experimentally de te r -  
mined 293’4(1B92B’3B) in  a high-enthalpy, expanding-flow environment for  the 
reactions: (1) NO+ t e N t 0 ( 2 ) N 2  t e  N t N  and (3)  O2 
The first of these was a laboratory 
The initial s tep in this  program was to delineate the 
Since reaction- ra te  coefficient data 
Electron densities were measured  at severa l  locations 
The electron tempera ture  was determined at these same locations 
t -  
i 
Note: superscr ip t  number indicates reference given at end of text. If number 
i s  preceded by le t te r  B, then abs t rac t  of paper is given in bibliography. 
1 
The ra te  data  a r e  applicable over a temperature  range of approximately 2000 
to  7200°K. 
reactions were determined as a resul t  of the data-correlation procedure.  
Bounds on the magnitudes of ra te  coefficients fo r  s eve ra l  other 
The second a r e a  of in te res t  in this contract  w a s  in the determination of 
a solution fo r  the asymmetr ic  flow field associated with the Apollo vehicle at 
angle of attack. 
inviscid afterbody flow field, separated-flow phenomena, and t ranspor t  
phenomena in the forebody region. A time-dependent d i rec t  method was 
employed to  calculate the asymmetr ic  inviscid flow field fo r  the Apollo 
geometry. 
ment with available experimental  data. 
as input conditions for  calculation of the afterbody inviscid flow field. 
importance of mass injection on the three-dimensional laminar ,  compressible  
boundary l aye r  was assessed .  6’ 7(4B’ 5B’ 6B) The resul ts  i l lustrated that the 
effects of heat-shield ablation can  be significant. 
These studies included the inviscid forebody flow field, the 
5 
The resul ts  of this calculation were found to be in good agree-  
The t ime -dependent resu l t s  a r e  used 
The 
A semiempir ical  method w a s  formulated 8(7B) in o rde r  to obtain needed 
information about the separated-flow region within the t ime available. 
method takes  maximum advantage of previous theoret ical  resul ts  while 
incorporating available experimentally determined surface-pres  s u r e  dis  - 
tributions, heat- t ransfer  distributions, and the location of the zero-velocity 
s t reamline.  The technique was used to  calculate enthalpy and velocity pro-  
f i les  on both the heat shield and afterbody for  flight conditions typical of an  
Apollo t ra jectory.  
This 
A t  altitudes higher than approximately 250, 000 ft the thin boundary- 
layer  approximation begins to  break  down and thus should not be used in 
analyzing the flow around the Apollo body. 
propert ies  is spread  a c r o s s  the shock layer  and even the shock wave itself 
may not be thin compared to the stand-off distance. Solutions fo r  the gas-  
dynamic var iables  and chemical compositions have been obtained 
at CAL for  these low-density flows ~ Nonequilibrium-flow solutions calculated 
fo r  the high-altitude t ra jec tory  points were incorporated into the communica- 
tions -blackout boundaries previously noted. 
The influence of the t ranspor t  
9-1 1 (8B- 10B) 
2 
I 1  
A third a r e a  of in te res t  in this  program w a s  the calculation of t r ans -  
mission polar  pat terns  using the plasma electron-density and collision- 
frequency distributions calculated using the information derived f r o m  the 
experimental  data and analysis discussed in the above paragraphs.  
influence of near-field effects, ablative mater ia l s ,  flow separation, etc. on 
the calculated attenuation were a s ses sed  l 2 ( l lB)  and the quantitative features  
of the Apollo 501 flight data were near ly  reproduced within the framework of 
the analysis,  
field effects and antenna-impedance variations. 
The 
To obtain this agreement  it w a s  necessary  to  include nea r -  
In the remainder  of this  report  each of the r e sea rch  a r e a s  noted above 
will be summarized.  
under support of this contract  i s  included in the bibliography. 
all of the work discussed he re  has  been separately documented in repor t  
form.  Copies of these repor t s  a r e  available f r o m  the Cornel1 Aeronautical 
Laboratory or the National Aeronautics and Space Administration, Goddard 
Space Flight Center. 
An abs t rac t  of each paper and /o r  report  generated 
Essentially 
3 
2. COMMUNICATION-BLACKOUT BOUNDARIES FOR 
APOLLO EARTH-ATMOSPHERE ENTRY 
i 
J 
I 
The experimentally determined react ion-rate  coefficient data f o r  the 
electron-depletion reactions and the theoretical  analyses developed during the 
performance period of this contract  have been integrated, and calculations 
have been performed a t  selected t ra jec tory  points in o r d e r  t o  a r r i v e  at a 
final prediction of the communications -blackout boundaries f o r  the Apollo 
ear th-atmosphere entry upon re turn  f r o m  lunar  missions.  
the predicted envelope f o r  altitude -velocity conditions of interest  to  the 
Apollo mission. 
5000 ft .  
were  necessar i ly  considered in o rde r  to calculate the gasdynamic pa rame te r s  
and chemical compositions. 
f ield is viscous. At lower altitudes, the thin boundary-layer assumption 
becomes valid and inviscid-flow calculations a r e  appropriate f o r  calculation 
of the plasma properties.  
F igure  1 presents  
The altitude uncertainty at any velocity is approximately 
The entry t ra jec tory  is such that two different flow-field regimes 
During the ea r ly  portion (high altitude) the flow 
In the remainder  of this section the inviscid-flow analysis will first be 
described, followed by the viscous -flow calculations. 
2. 1 Construction of Inviscid Flow Field 
Existing experimental  data were  used  to construct  the shock envelope 
and flow field in the pitch plane f o r  an Apollo vehicle at a 20 degree angle of 
attack. 
region and the supersonic afterbody region. 
were  neglected. 
because they were  previously considered by Huber, l 3  but in  Section 2. 2 his 
resul ts  a r e  compared to the pure-air  chemis t ry  blackout boundaries. 
The flow field was divided into the subsonic -transonic forebody 
Diffusion and viscous effects 
Ablation effects were  not included in these calculations 
The shock envelope in the forebody region was determined using the 
empir ical  correlat ion functions of Kaattari14 for  a twenty degree angle of 
attack and a normal-shock density ratio of sixteen. The shock-wave shape in 
the vicinity of the round (toroid) windward co rne r  was a l so  determined by the 
procedure suggested in  Ref. 14. 
4 
"i 
1 
i 
' '1 
I 
, 
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i 
In o r d e r  to  simplify the supersonic flow-field calculations, a single 
family of charac te r i s t ics  was used to predict  the flow expansion around the 
rounded windward and leeward co rne r s  of the body. The p r e s s u r e  and flow 
inclination angle are constant along each character is t ic .  Since the co rne r  - 
region expansion fan  is assumed to be isentropic,  the procedure does not take 
into account the entropy gradients due to  the curved shock wave. Also, since 
only one family of charac te r i s t ics  is considered the reflections f r o m  the 
shock wave and s t reaml ines  a r e  neglected, but this should not influence the 
resul ts  s ince these reflections tend to cancel each other. 
The experimentally determined sur face-pressure  distribution f o r  an  0. 05  - 
sca le  model of the Apollo vehicle was used to determine the leading and t r a i l -  
ing charac te r i s t ics  of the expansion f a n  around the rounded leeward and 
windward co rne r s  in the pitch plane. 
graphically utilizing the local flow-inclination angle of the Apollo vehicle s u r  - 
face and tabulated Prandt l -Meyer  functions15 fo r  = 1 . 4 .  The p r e s s u r e  
ratio / ; / c  is constant along each character is t ic  since the expansion i s  
assumed to  be isentropic. 
and the stagnation p r e s s u r e  behind the shock is 
The expansion fan was constructed 
The local p r e s s u r e  along the charac te r i s t ic  is 
e 
The shock-wave shape in the supersonic region can  now be determined 
by using the p r e s s u r e  ratio along each charac te r i s t ic  and the equi- 
l ibr ium p r e s s u r e  ratio e /  F& f o r  a given flight velocity Um and a given 
f r e e - s t r e a m  p r e s s u r e  . Since each character is t ic  must  in te rsec t  the 
shock wave, with the exception of the limiting charac te r i s t ic  fo r  the flight 
Mach number mco , the local p r e s s u r e  ratio < / R e  .- (e/e) ( / = / E w )  
a c r o s s  the oblique portion of the shock wave is known. 
equations of mass ,  momentum, and energy can  be solved ac ross  the oblique 
shock wave by i teration f o r  given f r e e - s t r e a m  conditions, a given p r e s s u r e  
ratio 8~/e' , and a given relationship between enthalpy and temperature .  
A computer program was writ ten to solve the oblique shock-wave relations. 
The shock-wave envelope in the supersonic region was then determined by 
graphically extending the shock wave f r o m  the forebody region by using the 
shock-wave angles determined f r o m  the conservation equations and the 
location of the character is t ics .  
5 / e 
The conservation 
5 
1 
i 
2. 1. 1 Streamline Locations in Supersonic and Subsonic Regions 
of Shock Layer  
In general ,  the flow inclination angle computed f r o m  the conservation 
equations f o r  a given flight condition and p r e s s u r e  ratio 
s a m e  as the flow inclination angle at the body surface along a given cha rac t e r -  
istic. 
entropy gradients which will a l t e r  the location of the character is t ics .  
keep the construction as simple a s  possible and to t r y  to account f o r  the 
entropy gradients,  it was assumed that the flow deflection angle var ied  l inearly 
f r o m  the flow angle a t  the surface to  the flow angle imposed by the conserva-  
tion equations at the shock wave along each character is t ic .  Selected s t r e a m -  
l ines can then be constructed graphically since the local flow-inclination angles 
a r e  now known f o r  the supersonic flow regime. 
p2 / P,. was not the 
This condition was to be expected since the curved shock produces 
To 
The locations of the s t reamlines  in  the subsonic forebody region were  
determined by enforcing the conservation of mass f o r  axisymmetr ic  flow. 
The product f7 
stant along normals  to the forebody surface.  
of the density and velocity vector was assumed to be con- 
Consider the following sketch of the flow field in the vicinity of the fo re -  
body region of an  axisymmetr ic  body. The radial  distance f r o m  the axis of 
6 
symmetry  is represented by P . The mass-flow ra t e  a c r o s s  the normal  
section between the body and the shock wave must  be equal to the mass-flow 
ra te  in the free s t r e a m  that passes  through the shock wave. 
yields 
The integration 
--a 
" I  
The mass-flow ra te  through the region between the stagnation s t reaml ine  and 
the s t reaml ine  shown in the sketch can be obtained by integration. 
! 
The unknown density ra t io  can  now be eliminated f r o m  Eqs. (2. 1) and (2. 2) to 
give the desired geometric relation fo r  determining the location of the s t r e a m -  
line in the subsonic forebody region of the Apollo vehicle. 
Equation (2. 3 )  should be considered as an  engineering estimate of the s t r e a m -  
line location in the subsonic forebody region. 
can  be derived, but these would unnecessarily complicate the analysis. 
More accurate  expressions 
"1 
7 
" I  
1 
5 
F igure  2 i l lustrates  the location of nine s t reamlines  that were  con- 
s t ruc ted  in  the plane of symmet ry  using the procedures  outlined and the c a l -  
culated shock -wave envelope. 
this envelope is independent (within 6%) of the flight conditions considered 
here .  
to originate at the stagnation point and to  expand around the body with a 
p r e s s u r e  distribution that matches the experimentally observed sur face-  
p r e s s u r e  distribution. 
depart  f r o m  the body surface in the co rne r  region with a flow-inclination angle 
consistent with the trail ing character is t ic  as determined by the afterbody 
pressure .  
not follow the afterbody surface.  
the afterbody surface and indicates that a thin,viscous boundary layer  exists 
along the windward s ide of the vehicle with no apparent separation region. 
The oblique-shock calculations indicated that 
In addition to  the above s t reamlines ,  two s t reaml ines  were  assumed 
The leeward side s t reamline then was assumed to  
This s t reaml ine  was called the separation s t reamline s ince it did 
The windward s t reaml ine  S W  almost  follows 
Having determined the shock shape and the location of severa l  s t r e a m -  
l ines within the shock layer ,  the initial conditions on the s t reaml ines  jus t  
behind the shock wave were  calculated f o r  f rozen composition and vibrational 
equilibrium. 
his tor ies  were  then calculated16 utilizing the initial conditions and the p re s  - 
s u r e  distribution along the s t reamlines .  The oblique shock-wave solutions 
provided the initial conditions f o r  each s t reaml ine  with the exception of the 
windward-and leeward-surface s t reamlines  which used stagnation conditions 
determined f r o m  normal-shock solutions. 
The nonequilibrium electron-density and collision-f requency 
2. 2 Inviscid Flow-Field Calculations 
I 
The inviscid flow field, constructed in the manner  described above, was 
used to obtain est imates  of the electron-density and collision-frequency 
distributions in the plasma surrounding the Apollo vehicle. 
f o r  which calculations were  performed a r e  given in Table 1 below. 
that f o r  the last three  t ra jec tory  points given in this table, it is necessa ry  to 
account fo r  viscous-flow influences. 
discussed later in Section 2. 3. 
Trajectory points 
Note 
This correct ion has been made and is 
8 
i I 
i 
TABLE 1 
TRAJECTORY POINTS FOR WHICH INVISCID FLOW-FIELD 
CALCULATIONS WERE PERFORMED 
VELOCITY, f t / s ec  
10,000 
14,000 
16,000 
16,000 
21,000 
21,000 
26,000 
32,000 
34.000 
ALTITUDE, f t  
150,000 
120,000 
180 ,000  
210,000 
240, 000 
250, 000 
280, 000 
320,000 
220.000 
Electron-density plots s imi la r  to that shown in Fig. 2 (26, 000 f t / s e c  a t  
280, 000 f t)  were  obtained f o r  each t ra jec tory  point of Table 1 and were  used 
in constructing the blackout bounds presented in  Fig. 1 f o r  2. 287 GHz com-  
munication. 
out on the basis  of the c r i t i ca l  electron density. 
the antenna location through the plasma and a c r o s s  the shock envelope. 
local electron density along the par t icular  r ay  exceeded the c r i t i ca l  electron 
In constructing this plot, the decision was made to define black- 
Rays were  then drawn f r o m  
If the 
density (6. 5 x l o l o  e - / c m  3 for  2. 287 GHz communications), then the signal 
strength was assumed sufficiently degraded so a s  to be not useful. 
fur ther  assumed that the acute included angle between the shock envelope and 
the r ay  must  be g rea t e r  than 5" before communications would be possible, 
even if the local electron density along the r ay  did not exceed cr i t ical .  
It was 
F igure  2 i l lustrates  typical rays  drawn f r o m  the S-band antenna loca- 
F o r  this par t icular  flight condition, tion through the leeward-side plasma. 
the electron density along ray  (A) exceeded cr i t ical  
portion of the path making communications impossible. 
me fo r  a significant 
Along r ay  (B) the 
9 
-1 
- 1  
i 
I 
. . _ a  
i 
number density was again significantly g rea t e r  than critical fo r  much of the 
propagation path. 
a lmost  always l e s s  than c r i t i ca l  making communications marginal.  
c r o s s e s  the shock envelope at approximately 12. 5", suggesting that within 
the constraints  of our  assumptions this t ra jec tory  point would be classif ied a s  
marginal  communications. On the blackout-boundary plot of Fig. 1, this 
point is shown to be near  the upper portion of the estimated uncertainty band. 
However, along r ay  (C) the number density is nea r  but 
Ray (C) 
No rays  were  drawn through the windward-side plasma fo r  the t r a j ec -  
The electron-density profile fo r  this  condition was to ry  condition of Fig. 2, 
such a s  to suggest that  the exit path fo r  the E-M wave could not be a direct  
one. The conclusion should not be drawn, however, that  communications 
through the leeward-side plasma was most  likely f o r  all t ra jec tory  points. 
F o r  flight velocities g rea t e r  than 21, 000 f t / s ec ,  the resul ts  suggested that the 
best  chances fo r  communications were  in fact  through the leeward-side 
plasma. However, f o r  lower velocities and lower altitudes the communica- 
tions through the windward-side plasma was m o r e  likely. 
resul t  of the nonequilibrium chemis t ry  of the reactions involving charged 
par t ic les  and the manner in which they proceed in the respective expansion 
environment (leeward v s. windward). 
This effect is a 
F igure  1 presents  the Cornel1 prediction (for pure-a i r  flow) of the com-  
munication-blackout boundaries f o r  2. 287 GHz with an  estimated uncertainty 
of approximately ? 5000 f t  altitude. 
is noted on this  plot a s  communications should not be degraded ( EI ), marginal 
communications (a)# and communications should be blacked out ( A  ). It is 
emphasized that these a r e  calculated points and not in-flight data points. 
Each of the calculated t ra jec tory  points 
Also included on Fig. 1 are  the blackout bounds estimated by Huber13 
considering only ablation-product impurity ionization. 
concluded that the blackout boundary for  Apollo ear th-atmosphere entry con- 
ditions is controlled by the pure-a i r  chemistry.  F o r  flight velocities between 
24,000 and 27,000 f t / s e c  and between 15, 000 and 17, 000 f t / s ec ,  the ablation- 
controlled boundary fal ls  slightly within the lower altitude l imit  of the 
uncertainty band of the pure-a i r  chemistry.  
flight regimes the pure-a i r  and ablation chemis t ry  a r e  of equal importance. 
It can  be generally 
It i s  thus suggested that in these 
10 
i 
. J  
. i  
F o r  other flight 
influence on the 
Rosenbaum is 
est imate  differs 
17 
velocities, the pure-air  chemis t ry  appears  to have a dominant 
blackout bounds. 
a l so  included on Fig. 1 f o r  comparison purposes. Their  
f r o m  the cu r ren t  Cornel1 est imate  f o r  velocities g rea t e r  than 
The ea r ly  prediction of Lehnert  and 
21, 000 f t / s e c  and f o r  velocities lower than 16, 000 f t / s ec .  
2. 3 Viscous Flow-Field Calculations 
F igure  3 shows that f o r  altitudes g rea t e r  than 250, 000 f t  the thin 
boundary-layer approximation is no longer applicable fo r  analyzing the flow 
around the Apollo body. The influence of the t ranspor t  propert ies  is spread 
a c r o s s  the shock layer  and even the shock wave itself may not be thin com-  
pared to  the shock stand-off distance. 
analyzing the viscous flow around the body a t  low Reynolds numbers.  
flow regimes of in te res t  a r e  the viscous layer ,  the incipient-merged layer ,  
and par t  of the ful ly-merged layer ,  viz. , 6 ( E )  5 E I< '5 6- ( / u  " 1  - The 
t e r m  K is the parameter  defined by Cheng (Ref. 18). In particular,  
K'= (fefm~ Q ) E C G / ~ )  , c = ( r - i ~ f  , b' signifying the specific heat 
ratio,  fm ic7, the f r e e - s t r e a m  m a s s  flux, Q- the nose radius of the body, 
% the stagnation temperature ,  'G and /f.. the reference tempera ture  
and viscosity, respectively. As K Z -  , the flow approximates con- 
tinuum, thin boundary-layer flow, while K -+Q signifies f r e e  -molecule 
flow conditions. 
that the t e r m  K 2  may still be used as a meaningful parameter  delineating 
various flow regimes even f o r  the c a s e  of m a s s  injection. Thus the present  
viscous -flow analysis f o r  an Apollo-type body is applicable a t  altitudes 
between approximately 250, 000 f t  and 400, 000 f t .  
f t ,  the conventional thin boundary-layer analysis is applicable and it was in 
these altitudes that efforts had been concentrated in the past  under the present  
contract. 
Thus a new formulation is needed in 
The 
2 
A'* 
z 
It has  been found f r o m  the analysis19 of the stagnation region 
At altitudes below 250, 000 
One aspect  of the ra ref ied  flow a t  higher altitudes is that there  is a 
"slip" of velocity and tempera ture  a t  the body surface.  
the rarefaction of the flow, i. e. , the mean f r e e  path of the fluid is not 
This is the resul t  of 
11 
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negligibly small compared with the character is t ic  length of the flow. 
mean f r e e  path becomes large,  intermolecular collisions become less frequent 
and molecules arr iving a t  the body surface a r e  unable to come into equilibrium 
with the surface.  
develop a t  the body surface.  
the " temperature  sl ip" a t  the wall. 
have been analyzed by Liu (Ref. 20). 
smal l  change in the heat- t ransfer  ra te  to  the body as well as in the shock 
stand-off distance. 
As the 
As a result ,  velocity and tempera ture  discontinuities may  
This is commonly cal led the "velocity sl ip" and 
The effects of these  wall-sl ip phenomena 
He found that these effects cause  only a 
The viscous flow-field analysis performed fo r  the purposes of this con- 
t r ac t  began by considering the axisymmetr ic  flow over the forebody region 
of an Apollo body with la rge  mass injection a t  the wall due to ablation. 
flow was in the incipient-merged-layer and the viscous -layer regimes.  
these regimes,  the Navier-Stokes equations may be used. The equations were  
simplified by assuming a v e r y  thin shock layer  compared with the body radius. 
The 
In 
The equations thus simplified a r e  s imi l a r  in f o r m  to the conventional 
boundary-layer equations with the important exceptions that the ent i re  flow 
field is now viscous,  instead of a ve ry  thin layer  nea r  the wall and that the 
normal  p r e s s u r e  gradient may not be assumed negligible. The la t te r  condi- 
tion resul ts  because of the non-negligible momentum change in the direction 
normal  to the body surface.  
method was formulated which takes  into account la rge  m a s s  injection a t  the 
body surface as well a s  t ranspor t  phenomena ac ross  the shock wave. 
An approximate analysis based on an integral  
In the formulation using the integral  method, the streamwise-velocity and 
the total-enthalpy profiles must  be estimated in t e r m s  of the parameters  that 
charac te r ize  the flow. 
and the total-enthalpy-gradient parameter  a t  the body surface a r e  assumed to 
be the important parameters  in describing the flow. 
that the gradients of both the s t reamwise velocity and the total enthalpy a t  the 
shock wave would be ze ro  fo r  the boundary-layer flow. However, in the 
merged-layer  regime, these gradients a r e  not zero,  signifying the non- 
negligible t ranspor t  effects behind the shock, 
In the present  analysis the skin-friction parameter  
It should a l so  be noted 
Thus these gradients a r e  a l so  
i 
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included in the present  formulation a s  meaningful parameters .  
s t reamwise  velocity profile, a cubic polynomial f o r m  is assumed,  while a 
quartic polynomial f o r m  is taken f o r  the total-enthalpy profile. These pro-  
f i les ,  a s  well a s  their  gradients,  a r e  then matched a t  the interface with those 
fo r  the shock wave itself, ensuring smooth transit ion f r o m  the shock wave to 
the body surface.  
analysis,  the boundary conditions fo r  the velocity profile and the total-enthalpy 
profile a r e  coupled at the body surface where m a s s  injection also takes place. 
F o r  the 
With the normal-momentum equation a l so  included in the 
Results were  initially obtained fo r  hypersonic, low Reynolds -number 
flow in the stagnation region of a blunt body at high altitudes by application of 
the integral  method. 
t ransfer ,  the "skin-friction, changes in  flow conditions ac ross  the shock 
wave in the incipient-merged layer  and the viscous -layer flow regimes were  
observed. 
flow phenomena downstream f r o m  the stagnation point in these flow regimes,  
and the resul ts  obtained f r o m  the stagnation-region analysis provided the 
initial conditions. 
Significant influences of m a s s  injection on the heat 
Attention was subsequently concentrated on analyzing the viscous - 
Solutions were  then obtained fo r  the viscous,  hypersonic shock layer  in 
the forebody region of the Apollo body at high altitudes fo r  the c a s e  of a non- 
reacting gas. 
viscous shock layer  for  var ious m a s s  -injection rates .  
This analysis yielded the s t reamline distributions within the 
These resu l t s  a r e  pa r -  
t icularly significant since they afford a means of assess ing  the importance of 
the viscous flow field on the plasma chemical kinetics. 
obtained both with and without m a s s  injection a t  the body surface. 
zero  mass-injection case ,  the m a s s  flowing in the viscous shock layer  con- 
s i s t s  entirely of the f r e e - s t r e a m  m a s s  entering through the shock wave; thus 
the stagnation s t reamline becomes the dividing s t reaml ine  along the body and 
coincides with the body surface.  When m a s s  is now injected uniformly along 
the body a t  the surface,  the layer  in the immediate vicinity of the body surface 
consis ts  of the injected m a s s  and the dividing s t reamline is  now pushed out- 
ward  f r o m  the body. 
changed s t reamline patterns a s  a resul t  of v e r y  l a rge  blowing was observed. 
Since the present  analysis is based on a thin shock-layer assumption, it 
Solutions were  
F o r  the 
The thickening of the shock layer  and the noticeably 
I 
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should be kept in mind that the justification of this assumption comes  into 
question when the viscous shock layer  becomes v e r y  thick (due to blowing) 
compared with the charac te r i s t ic  length of the body, which in this c a s e  is the 
body nose radius. 
The viscous shock-layer work was continued in that an  analysis of the 
chemical-nonequilibrium flow in the forebody region of the Apollo body a t  high 
altitudes was formulated. 
dealing with nonequilibrium flow around a blunt body that were  direct ly  appli- 
cable to the present  problem. 
formed by Lee  and Zierten,  21 who considered the merged-layer  ionization in 
the stagnation region of a blunt body without m a s s  injection (ablation) a t  the 
body surface.  
peak electron density by a s  much a s  two o rde r s  of magnitude. 
At the t ime, there  were  no previous analyses 
One analysis worthy of mention is that p e r -  
These authors found that the inviscid theory overest imates  the 
Results were  subsequently obtained fo r  the binary-species nonequilib- 
r ium flow in the viscous shock layer  fo r  a fully catalytic surface.  
analyzing the problem, the momentum and the energy equations and their  
solutions'' previously obtained under the present  contract  were  used a s  known 
inputs, under the assumption that the Lewis number is unity and effectively 
decoupling21 the chemical considerations f r o m  the momentum and the energy 
considerations. 
atom-concentration distributions along the body surface a t  various altitudes. 
The species considered a r e  N, 0, NO, N2, 02, NO', and e -  and the reactions 
considered a re :  
In 
An integral-method approach was used  for the solution of the 
(1) 0 2 t M = p E O t O t M  
(2)  N 2 t M ~ N t N t M  
A (3) N O t M - N t O t M  
(4) NO t 0 e O2 t N 
(5) N2 t 0 NO t N 
(6) N t 0 NOt t e -  
l 
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The electron-density level was found to be approximately two o r d e r s  of 
A complete descr ip-  
The resu l t s  reported the re  demon- 
magnitude below that predicted by an inviscid analysis. 
tion of these resul ts  is given in Ref. 11. 
s t r a t e  a sizable influence of flow viscosity on the electron-density level a t  
high altitudes and that an inviscid analysis yields an  upper -bound prediction 
of these levels. It is thus evident that analysis of the viscous shock layer  was 
necessary  in o rde r  to assess cor rec t ly  the magnitudes of the electron-density 
levels existing in the forebody region of a blunt body at high altitudes. The 
resul ts  obtained f o r  the viscous shock layer  were  incorporated in the com-  
munication-blackout boundaries presented in Fig. 1. 
I 
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3. CHEMICAL-KINETICS STUDIES 
! 
I 
1 
As the initial step in  the chemical-kinetics studies, the dominant 
chemical reactions involving electrons were  delineated by performing 
calculations 23 of nonequilibrium-ionization phenomena i n  the asymmetr ic  
plasma of the Apollo vehicle. 
art react ion-rate  coefficients for the period 1964- 1965 were  employed. 
Results were  obtained for  an entry velocity of 30, 000 f t / s e c  and an  angle of 
attack of 20" a t  altitudes of 200, 000 f t  and 250, 000 ft .  
In performing these calculations state-of- the- 
NO', Nt, 0' and e-.  t Z ' O 2 '  The charged species  were  taken a s  N 
The chemical model employed permitted three-body recombination reactions,  
two -body dissociative - recombination reactions e charge - exchange reactions,  
and ion- atom- exchange reactions. Nonequilibrium species  concentrations 
for both the neutral  and the charged par t ic les  were  obtained along severa l  
s t reaml ines  for  both altitudes investigated. 
found to have a defined pat tern which was readily interpreted in t e r m s  of 
the local temperature ,  velocity, and density fields. With the exception 
of the body stagnation point and a relatively small region on the body surface,  
the p lasma fluid was  found to b e  in  a nonequilibrium state, 
electron-depletion reactions were  shown to be NO 
The species distributions were  
The dominant 
t -  t e N t 0, N,' t e--N$N, 
L t -  t OZt t e--0 t 0, N t e t e--N t e - ,  and 0 t e-  t e--0 t e- .  
A survey 24 (12B) was subsequently undertaken to a s s e s s  the un- 
certainty associated with the react ion-rate  coefficients for the important 
reactions. 
applicable to the tempera ture  range of in te res t  was  very  scarce.  In addition, 
the uncertainty associated with the existing ra te  d a t a  resulted in a significant 
influence on the predicted p lasma electron-density levels. 
p rogram was  thus undertaken at CAL to measure ,  under laboratory conditions, 
the react ion-rate  coefficients for  the reactions NO t e--N t 0, 
The resu l t s  of this study indicated that rate-coefficient data  
An experimental  
t 
N2' t e--N t N, 02' t e--O t 0, and N t N-N2 t Nt, 2 
P r i o r  to initiation of the rate-coefficient measurements ,  detailed 
25 (13B) studies of the incident and reflected-shock tes t  t ime, nozzle start ing t ime,  
and the nozzle-flow charac te r i s t ics  26 (14B) were  completed. The shock-tube 
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studies were  of in te res t  because of the potential presence of easi ly  ionized 
impurit ies and because of the possible importance of the well-known reflected- 
shock laminar  boundary-layer interaction. The s tar t ing-process  data  obtained 
in the nozzle a r e  necessary  for choosing the proper  tes t  t ime and its duration 
out of the total run  time. The nozzle-wall boundary-layer d a t a  a r e  necessary  
to determine the extent and uniformity of the inviscid flow. 
The remainder  of this section descr ibes  the experimental apparatus 
employed and the resu l t s  of the measurements  for each of these reactions. 
3. 1 
Figure 4 i s  a schematic d iagram of the experimental  apparatus. 
p ressure-dr iven  shock tube was  used to produce a reservoi r  of high-temperature 
gas which could subsequently be expanded in  a conical nozzle. 
has  a three-inch inside-diameter dr iver  tube which is 9 ft .  long, 
tube is 98  f t .  long with an inside diameter  of 6 inches. 
rupturing the double diaphragms which initially separate  the d r ive r  and 
driven gases.  
Experimental  Apparatus and Technique 
A 
The shock tube 
The driven 
Flow is initiated by 
The shock-wave velocity is measured over the last 18.6 feet of 
driven tube using thin-film temperature  gauges which a r e  mounted flush with 
the wall. 
interval is approximately 2. 6 f t .  
by signals f rom the thin-film gauges, a r e  used to  measure  the elapsed t ime 
for shock-wave passage between stations. 
The first four intervals a r e  each approximately 4 f t .  and the l a s t  
Electronic counters,  started and stopped 
The conical nozzle used in  these  experiments has a half angle of 13" 
and is constructed of Fiberglas.  
than one throat diameter  in  length. 
intervals of 10. 0 inches with the f i r s t  set  located 11. 5 inches f rom the throat. 
A mylar diaphragm is used to separate the dr iven tube f rom the nozzle, thus 
permitting evacuation of the nozzle while the dr iven tube is loaded. 
zle i s  initially evacuated to  a p r e s s u r e  of approximately 10 
leak rate is such that at the time of driven-tube diaphragm rupture,  the 
p re s su re  in  the nozzle is of the order  of 
The entrance to  the nozzle throat is l e s s  
The instrumentation ports  a r e  at axial 
The noz- 
- 3  t o r r  and the 
to to r r .  
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The radiation-intensity his tory behind the incident shock was  
measured with an RCA 1P28 photomultiplier tube sensitive in the spec t ra l  
region 0. 2 to 0.6 microns.  
processed gas  through a teflon tube, 1/16-inch inside diameter  by  3 inches 
in  length which terminated at a 1/8- inch thick sapphire optical window in the 
shock-tube wall. 
The photomultiplier tube viewed the shock- 
The electron-density his tory behind the incident shock was measured 
using a 17-GHz microwave interferometer .  
and left the shock tube through contoured quartz  windows. 
ometer  could not be used over the ent i re  range of incident-shock Mach num- 
b e r s  studied because of l a rge  attenuations resulting f r o m  increasing electron 
density as the shock Mach number increased. The interferometer  was used, 
however, up to shock Mach numbers  of approximately 11 and 13 for  initial 
driven-tube p r e s s u r e s  of 0. 5 and 0. 1 t o r r  air, respectively. 
The microwave energy entered 
This in te r fe r -  
Measurements  of the radiation-intensity his tory in  the spectral  range 
0. 35 to 1. 13 microns were  made in  the reflected-shock region in directions 
normal  and paral le l  to the tube axis (the la t ter  measurements  were  taken 
before installing the nozzle). 
3 /4  inches f rom the end wall and at the end wall using silicon photodiodes 
(EGG model SO-100). 
to measure  reflected- shock p res su re  at these same measuring stations, 
These measurements  were  taken at 3 1 / 4  and 
Shock-mounted Kist ler  603-A t ransducers  were  used 
Radiation- intensity measurements  were  made i n  the nozzle using 
RCA 1P28 photomultiplier tubes which viewed the p lasma normal  to the axis 
through teflon tubes and sapphire windows, These measurements  w e r e  used 
to monitor the qualitative behavior of the nozzle start ing process  and to 
ascer ta in  the duration and uniformity of the test flow. 
Microwave in te r fe rometers  operating at frequencies of 142, 35 and 
17 GHz were  used to determine the nozzle start ing t ime at severa l  nozzle 
locations. Thin quartz  windows were  used a t  the horn,  nozzle-wall interface 
to separate  the plasma f rom the microwave waveguide. 
18 
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Pi to t -pressure  surveys normal  to the nozzle axis were  obtained at 
axial dis tances  f rom the throat of 28, 38, 48, and 68 inches using flush- 
diaphragm piezoelectric p r e s s u r e  t ransducers .  These instruments  had 
1 /4-inch diameter  diaphragms, a sensitivity nominally equal to 1 / 2  volt per  
psi ,  and a nominal response time of 40fi sec. 
holders and were  aligned along conical r ays  f rom the nozzle throat. 
same t ransducers  were  later mounted flush with the wall and used to measu re  
sidewall static p re s su re  at each of the nozzle instrumentation stations. 
:: 
They were  flush mounted in  
The 
Stagnation-point heat- t ransfer  r a t e  distributions normal to the 
nozzle axis were  obtained at axial locations of 11, 21, 31, 41, 51, and 71 
inches f rom the throat using thin-film platinum gauges and an  analog net- 
work. 
upon the par t icular  axial location. At the 11 -inch location the rod diameter  
was 1 / 8  inch, at the 21-inch location it was  5/16 inch, and at all other loca- 
tions the rod diameter  was 1 / 2  inch. 
gauges were  nominally 0. 10-inches in length and 0. 03-inches in width while 
a t  axial locations of 31 inches and grea te r  downstream they were  nominally 
0. 18 inches in  length and 0. 04-inches in width. 
p r ior  to the experiment and in addition the room temperature  res is tance of 
the gauges was measured before and after the experiment to verify that the 
calibration did not change during the test .  
The gauges were  fired on Pyrex  rod, the diameter  of the rod depending 
A t  the first two axial locations the 
Each gauge was calibrated 
Thin-wire Langmuir probes, aligned such that the flow velocity was 
parallel  to the cylindrical axis, were used on the centerline of the nozzle to 
measure  the inviscid-flow electron density and electron temperature.  
to sweeping the probe voltage, several  probes were  mounted in a flat plate- 
wedge model and held at fixed bias  voltage to  determine the nozzle start ing 
process ,  duration of uniform flow, and radial uniformity of the nozzle flow. 
Having completed this study, the outer probes were removed leaving only 
the centerline probe for current-collection measurements.  
applied to this probe was then swept i n  a period of t ime significantly l e s s  
P r i o r  
The voltage 
'kThis flush-diagram transducer  was developed at CAL by Mr. R. MacArthur 
of the Hypersonic Facilities Department. 
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than the duration of uniform flow but long enough to avoid electronic-transient 
effects. 
initiated at any desired t ime during the uniform-flow period. 
The voltage sweep applied to the probe was delayed so as to be 
The probes were  constructed by surrounding tungsten wi re s  with a 
quartz envelope, leaving a specified length of b a r e  wire  exposed. Immediately 
pr ior  to each run the probe was ultrasonically cleaned in  a sodium-nitrate o r  
sodium hydroxide solution to remove the tungsten oxide and placed in  the noz- 
zle which was  then evacuated to  approximately 10 
periments,  i n  which hydrogen was being used to dr ive  air, probe contamination 
proved to be  a significant problem. 
probe fo r  m o r e  than two o r  th ree  runs resulted in increasingly grea te r  electron 
tempera tures  and lower ion- andelectron-current collection. 
was overcome by using a probe for only a single run and then ve ry  reproducible 
resul ts  were  obtained. 
- 3  torr .  In the ear ly  ex- 
It  was found that repeated use  of the same 
This problem 
28 The thin-wire Langmuir probes were  held in  a flat plate-wedge 
model which was mounted so that the probe was aligned with the flow on the 
nozzle centerline. 
data  at more  than one axial location for a given run. 
was, for  example, to per form an experiment with the t ip of the probe located 
just  downstream of a microwave-interferometer station at 21. 5 inches and 
simultaneously measu re  the electron density at the 11. 5- and 21. 5-inch sta- 
tions with the 35- and 17-GHz microwave interferometers ,  respectively. The 
probe was then moved to the 32. 5-inch location, the 35-GHz interferometer  
moved to the 21. 5-inch location, the 17-GHz interferometer  to the 31. 5-inch 
location and the experiment was repeated. 
for the 41. 5-inch location. 
35-GHz interferometer  and the Langmuir probe were  utilized. 
this technique, the electron number density was measured independently at 
the 21. 5- and 31. 5-inch locations using both microwave interferometers ,  
The resulting electron densit ies were in good agreement  with each other. 
It was  therefore not possible to obtain Langmuir-probe 
The procedure used 
The above procedure was repeated 
At the 11. 5- and 12.  5-inch locations only the 
By using 
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t 3. 2 NO t e-  Dissociative Recombination Rate in  Air  
1 
One of the most  important reactions governing the distribution of 
f ree  electrons present  in high-temperature air plasmas is 
kf 
N t 0 NO' t e -  
r k 
The forward and r eve r se  r a t e  coefficients of this reaction a r e  related to 
the local plasma conditions through the temperature.  
coefficient of Eq. (1) depends on the heavy-particle translational temperature  
while the recombination r a t e ,  coefficient is principally dependent upon the 
electron temperature .  In o rde r  to obtain the ra te  coefficient f rom experi-  
mental measurements ,  it is important to  know both of these temperatures .  
The forward ra te  
t Measurements  of the NO deionization ra te  coefficient in  which the 
electron temperature  and electron density were  simultaneously obtained have 
not been reported in  the l i t e ra ture  for an  air plasma undergoing an  expansion 
f rom a high-temperature reservoir .  This lack of d a t a  motivated the present  
experiments to determine the reaction-rate coefficient for the electron-deple- 
tion reaction NO t e 
rate-coefficient measurements  were  made in the electron-temperature range 
of approximately 2000°K to 7000°K by fitting calculated and measured values 
of electron number density. 
flow of the conical nozzle of a short-duration, reflected-shock tunnel. 
N t 0 in a nonequilibrium expansion of air. The t -  
The experiments were  performed' in the inviscid 
t -  The NO t e recombination rate coefficient was measured in an air 
plasma that had expanded f rom a reservoi r  temperature  of approximately 
7000°K and r e se rvo i r  p re s su re  of approximately 25 atm, 
temperature  at the final measuring station in the nozzle was approximately 
2000°K. 
The electron 
The measurements  presented in  Ref. 2 were  the first obtained in  a 
shock- tunnel environment for which both the electron temperature  and number 
density were  measured. 
sociative recombination of NO is given by kr  = (6. 7 f 2. 3) x 1OZ1T 
c m  /mole sec  for a temperature  range of approximately 2000 to 7000°K. 
The reaction-rate coefficient for the two-body d i s -  
-k -1.5 
e 3 
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If the ra te  coefficient obtained in this study were  extrapolated l inear ly  
to  tempera tures  below 500°K the resulting values would be in disagreement  
with existing low-temperature  data as shown in Fig. 5. However, this resul t  
27  is a s  expected on the basis of the recent theoretical  work of Hansen in  
-1. 5 which it is demonstrated that the temperature  dependence va r i e s  f r o m  T 
to T-O. as the tempera ture  decreases .  
t e -  Dissociative Recombination Rate and 
t - N2' t N=N2 t N Charge Exchange Rate 
Another important reaction governing the distribution of f r e e  elec- 
t rons present  in high-temperature air p lasmas  is 
kr 
T f  
N2' t e--N t N 
Previous measurements  of the ra te  coefficient for  dissociative 
recombination of N 
the electron-density decay in  the afterglow of a discharge.  Only in very few 
c a s e s  have experiments been performed for e lectron tempera tures  in excess  
of 300°K. 
have generally been deduced f r o m  measurements  of 2 
In the present  experiments,  both the electron temperature  and number 
density were  measured.  
inant reaction was  adjusted until the calculated number density agreed with 
the probe and microwave-interferometer  da ta .  
temperature  his tory was  used in calculating the var ia t ion of number density 
along the nozzle. 
the reaction sys tem was independently assessed ,  
Then the recombination r a t e  coefficient fo r  the dom- 
The measured electron- 
The relative importance of var ious reactions included in 
The N2+ t e -  d i s  sociative-recombination-rate coefficient was 
measured i n  a nitrogen plasma that had expanded f r o m  equilibrium re se rvo i r  
conditions of 6750°K at 13. 5 atm p r e s s u r e  and 7200°K at 17.1 atm pres su re .  
The resulting react ion-rate  coefficient for  the recombination of N is  given 
22 -1 .5  cm3  by  kr = (1. 5 f 0. 5) x 1 0  
range of approximately 3500 to 7000°K. 
a r e  compared with those of previous investigators on Fig. 6. 
2 
for an electron tempera ture  
The resu l t s  obtained in this work 
mole sec Te  
The d a t a  
I 
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reported he re  do not extend below 3500°K. 
low-temperature rate coefficient can  be  obtainedZ7 and is  i l lustrated by the 
dotted line on Fig. 6. 
However, an estimate of the 
It was  possible to obtain an  est imate  of the ra te  coefficient for  an 
t important charge-exchange reaction, N2' t N z z 2 N 2 t  N , since experiments 
were  conducted at two separate  r e se rvo i r  conditions. In o rde r  to cor re la te  
the d a t a  f r o m  both experimental  conditions with the same se t  of ra te  coefficients, 
it  i s  necessary  for  the r a t e  coefficient of the charge-exchange reaction to be 
grea te r  than 7. 8 x 10 
argument, it is doubtful that this ra te  coefficient can  be l a r g e r  than 
7. 8 x 10l1 To'  
9 T ~ . 5  cm3 On the b a s i s  of  a collision frequency mole sec ' 
Therefore,  the value i s  estimated to be 
I O *  1 ~ 0 . 5  cm5 
mole - sec'  7 . 8 ~ 1 0  
3. 4 Measurement  of 0 t e -  Dissociative Recombination in 2 
Expanding Oxygen Flows 
Previous reports" 
dissociative recombination (k,) of NO 
was to present  rate-coefficient d a t a  obtained in the same manner ,  for the 
reaction 
have presented rate-coefficient d a t a  for the 
t t and N 2  . The purpose of Ref. 4 
02+ t e -  
k f 
0 t O E s . r  
kr 
It is typical of this c l a s s  of reactions that the forward and r eve r se  r a t e  
coefficients a r e  related to  the local plasma conditions through the temperature ,  
the forward r a t e  being dependent upon the heavy-particle translational tempera-  
tu re  while the recombination r a t e  depends mainly on the electron temperature .  
Both of these tempera tures  must  be known in experiments to evaluate the 
recombination- ra te  coefficient. 
Experimental  da t a  for the two-body dissociative recombination of 
02' for electron tempera tures  grea te r  than 450°K a r e  scarce,  with only two 
points reported,  one at 2000°K and the other at 2600°K. However, many d a t a  
points have been reported at 300°K or  slightly g rea t e r  temperatures .  
charge-tube measurements ,  the only ones available, of the dissociative 
Dis-  
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recombination of 0 ' have been complicated as a resu l t  of the reported 
presence of o 
2 
in  nontrivial quantities. 3 
In the present  experiments, both the electron temperature  and the 
electron density were  measured in  the expanding oxygen plasma. Then the 
recombination ra te  coefficient for the dominant reaction was adjusted until 
the calculated number density agreed with the probe and microwave- 
interferometer  data. 
in  calculating the variation of the number density along the nozzle. 
relative importance of various reactions included in the reaction model was 
independently assessed.  
The mea  sur  ed electron- tempe ratur  e history was used 
The 
The 0%' t e -  dissociative-recombination ra te  coefficient was 
measured in an oxygen plasma that had expanded f rom an equilibrium r e s -  
ervoir  condition of 4950°K and 25 atm pressure .  The resulting r a t e  coeffi- 
cient i s  given by kr = (8. 0 f 2) x 10 c m  /mole sec for an electron 
temperature  range of approximately 4950°K to 1800°K and is compared with 
existing d a t a  on F i g ,  7. Extrapolation of these experimental d a t a  t o  lower 
temperatures  using the technique of Ref. 27 resu l t s  in  excellent agreement 
with previously published data  a s  can be seen f rom Fig. 7. 
21 -1 .5  3 
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3. 5 Thin-wire Langmuir-Probe Measurements 
In the NO , N2 t t and Oat recombination studies discussed in  
Sections 3.  2 to 3. 4, the Langmuir-probe d a t a  for electron density were  
interpreted using Lafr amboi s e s c olli sionle s s theory. 29 These da ta  were  
found to fall below the microwave d a t a  at the most  upstream measuring 
stations, suggesting the importance of collisional effects. When the 
continuum-flow theory of Zakharova, et al. was used, the inferred num- 
b e r  densit ies were  much higher than the microwave values. Thus at these 
upstream stations the probe appeared to be operating in the transition-flow 
regime, as was also suggested by the magnitude of the relevant mean f r ee  
paths. 
30 
Since the microwave data at the upstream stations were  relied upon 
when inferring the rate-coefficient data, the influence of collision effects on 
the electron density inferred f rom the probe was  not detrimental. However, 
24 
the electron-temperature  measurements  obtained at these locations were  
important for the d a t a  correlation. 
of electron collection to  the magnitude of the ion-neutral and neutral-neutral  
mean f ree  paths, it was anticipated that the electron temperature  deduced 
from the electron-retarding region, where the electron cur ren t  is  much 
l a rge r  than the ion current ,  should be cor rec t .  The studies reported in  
Ref. 31 (15B) were  undertaken to  confirm that the electron temperature  was 
not influenced by collisions. 
Because of the relative insensitivity 
The t e s t  gas  used in  these experiments was nitrogen at an equilibrium- 
reservoi r  condition of 7200°K and 17. 1 atm. 
probe diameter  and fineness ratio (L/D)  of the probe were systematically varied 
in o rde r  to investigate probe performance in  the transit ion and free-molecular  
regimes.  
of the probe diameter  and the fineness ratio. 
f rom the probe character is t ic  was found to be sensitive to collisional effects 
but insensitive to  the fineness ra t io  in  both the transit ion and free-molecular  
flow regimes.  Fo r  f ree-molecular  flow the resu l t s  agree with Laframboise 's  
theoretical predictions fo r  ion collection in the orbital-motion-limited region. 
For probes having a radius l e s s  than a Debye length in a free-molecular flow, 
the experimental resu l t s  appear to disagree with the theory, the collected 
cur ren ts  being l a rge r  than those predicted. 
At selected nozzle locations, the 
The measured electron tempera tures  were  found to be  independent 
The electron density inferred 
1 
I 
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4 a INVISCID FLOW-FIELD STUDIES 
' 1  
i 
! 
. .J 
The time-dependent machine p rograms  for  calculating the inviscid 
flow of a reacting gas  about the Apollo forebody has  been modified to include 
the features  found useful in e a r l i e r  programming and to eliminate t ime-  
consuming repetitive calculations. 
fourth-order Runge-Kutta procedure for integration of the species  conserva-  
tion equations. 
32 
change a s  computed by the ordinary Lax 
i f  any species concentration goes negative. 
stabilizing effect on the calculation of the nonequilibrium concentrations 
addition, the procedure for  calculating thermodynamic propert ies  was revised 
and the temperature  range of the propert ies  w a s  extended to higher values.  
The modified program incorporate s a 
This procedure is  invoked whenever the relative tempera ture  
method exceeds an input constant o r  
This technique has  a significant 
In 
Three  calculations were performed using the modified program.  In 
each case  the actual Apollo body, including the toroidal corner  section, was 
accelerated instantaneously from r e s t  to a velocity of 30 ,000  ft/ sec  e 
-7 3 f r ee - s t r eam density was 3.14 x 10 
of 200 ,000  ft .  
to "debug" the program in the most  inexpensive manner .  
chemical reactions were assumed to be frozen, but the second allowed two 
dissociation reactions.  
tations of the source t e r m s ,  the objective of the second run was to investigate 
the effect of reactions on the stability of the calculation. The resu l t s  indicated 
that the calculation was stable for  a t ime increment of 0 . 7  microseconds which 
i s  approximately half the t ime increment  allowed by the l inearized Courant- 
Fr iedr ichs  -Levy stability condition * 
The 
g m / c m  , corresponding to an altitude 
The initial two calculations used oxygen a s  the tes t  gas  in o rde r  
In the f i r s t  of these,  
In addition to checking the coding involved in compu- 
The third calculation used a i r  a s  the gas medium and utilized an 
eight species ,  11-reaction chemical model in which NO' and e -  were the 
only charged par t ic les .  It soon became apparent that the calculation was un- 
stable fo r  a t ime increment bltl grea te r  than 0 , 3  microseconds.  Using this 
time increment and space increments  A r = 1 cm and A@ = 0.068 radians,  
this calculation was extended to 470  t ime steps e 
shock layer  were calculated for  many angular positions a 
Density profiles through the 
The outer prof i les ,  
26 
1 
i 
, 
which a r e  indicative of the flow field over  the rounded shoulder, show the 
expected maximum in each of the density distributions.  
i s  apparently influencing the flow field ahead of the spherical  face of the 
Apollo body. A t  300 t ime s teps ,  the stagnation-point density i s  a l i t t le m o r e  
than half of the expected steady-state value while the shock front,  defined by 
the midpoint of the density r i s e ,  i s  approximately 9 cm ahead of the stagnation 
point, again approximately half the steady- s ta te  value e The shock shape and 
the t ranslat ional- temperature  distribution were  both qualitatively co r rec t  e 
The maxima of the temperature  profiles cor re la te  well with the midpoint of 
the density r i s e .  
be reasonable a 
This profile shape 
Electron-density profiles in the shock layer  were  found to 
It i s  of in te res t  to note that for  the co r rec t  geometry these calcula- 
tions show that the sonic point on the body i s  on the rounded shoulder approxi- 
mately 4 "  aft of the point of tangency between sphere and toroid. 
approximately the co r rec t  location in contrast  to the location previously r e -  
ported for  the sharp-corner  body. 
This i s  
5 
A disappointing, though not unexpected, feature of this calculation i s  
Calculations with differing the slow rate  of p rogress  toward the steady s ta te .  
ratios of AT' to A r have shown that increasing A r while keeping AZY fixed 
moves the shock away from the body fas te r  but dec reases  
Decreasing .br has the opposite effect. A s  a ma t t e r  of fact ,  the c loser  
&l!/br is to the l inear  stability l imi t  ,u, +a , where U i s  the radial-  
velocity component and a the frozen sound speed, the grea te r  i s  the outward 
velocity of the shock in mesh  points pe r  time step.  
&/!AT a t  the body. 
I 
A study of the ratio A z / r p A B  a t  various points in the flow field has  
shown that this quantity i s  very  small  in  comparison with the stability l imi t  
I wt 
~8 
near  the axis.  This suggests that an excessive angular increment 
has  been employed in the runs jus t  descr ibed.  Since a significant de-  
c rease  in A63 
feasibility of employing a mesh with graded space increments  should be in-  
vestigated fur ther .  
would require  the introduction of many more  mesh points, the 
i 
27 
i . .. * 
7 
,i 
Although the approach to the steady state i s  slow, owing chiefly to 
the lack of a dissipative mechanism for the excess  of total enthalpy imparted 
to the gas  in the ear ly  phases  of the motion, the ra te  of adjustment to a 
sudden change in the f r ee - s t r eam conditions is quite rapid. 
the data  f rom step 335 of the reacting-air run was input to the program while 
suddenly reducing the f r ee - s t r eam density and p r e s s u r e  by a factor of 0 .764 .  
Since this perturbation did not change the total enthalpy, adjustment to the 
new conditions took only 25 t ime s teps .  
slightly during the adjustment p rocess ,  the shock centerline remained sta- 
tionary. Thus,  once a good approximation to the steady-state solution at a 
given flight condition is  obtained, other steady-state solutions can  be calcu- 
lated with relatively small effort e 
To verify this ,  
Although the shock definition changed 
In summary,  the ability to calculate the nonequilibrium flow field in 
front of the Apollo body using the Lax method and a real is t ic  thermochemical 
model has  been demonstrated e 
solution by the unsteady method start ing f rom rest requires  many time steps 
of computation, perturbation of an existing steady-state solution leads to a 
new "steady" solution in only a few s teps .  The basic  disadvantage to this 
calculation technique is  the l a rge  cos t  of obtaining the initial steady-state 
solution. Aungier 
duce the computation t ime.  
Although the computation of a steady- s ta te  
33 
has  developed techniques that could be employed to r e -  
If the program were  to be pursued in the future,  it would be necessary  
to investigate the effect of increasing the rate  of dissipation of excess  enthalpy 
by allowing heat t ransfer  to the body. 
asymmetr ic  solution with nonequilibrium chemis t ry  can probably be reduced 
by initially obtaining a steady-state axisymmetr ic  solution and then using this 
solution as an input to the three-dimensional program to obtain a solution for  
the same f r ee - s t r eam conditions but at 20"  angle of attack. 
Additionally, the cost  of obtaining an 
, 
i" 
c 
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5 e SEPARATED-FLOW STUDIES FOR APOLLO ENTRY 
i 
.I 
In o r d e r  to calculate the attenuation of a radio signal as it pas ses  
through the p lasma surrounding an entry vehicle, the variations of p lasma 
propert ies  along the signal path must  be known. Depending on the antenna 
location, and to  some extent on the flight conditions and look angle, the signal 
may pass  through regions of inviscid flow, through an  attached boundary layer ,  
o r  through a separated shea r  layer .  
number of methods in the inviscid portions of the flow field, and a l so  in 
regions where an attached boundary layer  exists. 
ra ted regions, there  a r e  no comparable methods available f o r  the prediction 
of plasma profiles. 
develop such a method. 
The plasma profiles can  be found by a 
However, fo r  the sepa-  
The objective of the work reported in Ref. 8 was to 
The approaches that have been used in pas t  studies of separated flows 
l i e  in essentially two categories:  
gration of the basic differential equations, and those which r e s o r t  to the m o r e  
approximate integral  Fe thods .  The first of these approaches affords a m o r e  
exact determination of the p lasma prof i les ,  but the completion of a numerical  
method suitable for an Apollo-type configuration would require a lengthy devel- 
opment. 
readily, but suffer the disadvantage that they do not predict  the prof i les .  
stead, these methods postulate that  a l l  of the profiles belong to some specified 
family; the integrated equations of motion a r e  then used to identify which m e m -  
b e r  of the family should be assigned at each station along the surface.  The 
choice of the family of profiles is  not ent i re ly  a rb i t r a ry ,  of course;  for ex- 
ample,  the success  of the theory of L e e s  and Reeves 
ent on the proper  choice of the family of prof i les .  
those which employ d i rec t  numerical  inte- 
On the other hand, the integral  methods can be applied much m o r e  
In- 
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was largely depend- 
In view of these considerations a the integral-method approach was 
chosen as the one mos t  l ikely to yield useful resu l t s  in the shortest  t ime.  
par t icular  method chosen was that of Lees and Reeves,  
by Holden. 
The 
34 and its extension 
3 5  
The Lees-Reeves-Holden method applies only to two-dimensional 
The fur ther  developments required to render  this theory applicable flows e 
2 9  
.. 
to an axisymmetr ic  afterbody, which a r e  very  extensiveo a r e  discussed in  
Ref. 8. If these developments were made ,  i t  would be possible to predict  
theoretically the conditions under which separation would take place,  and the 
p r e s s u r e  and heat- t ransfer  distributions that would occur under these condi- 
t ions.  F o r  the present  application, however, these quantities a r e  already 
fair ly  well known from experiment; thus a semi-empir ical  approach has  been 
followed, which makes use of these experimental resu l t s .  
empirical  method a r e  given. The resul ts  of the method can be thought of a s  
answering the question: "if the Lees-Reeves-Holden method, adapted to axi- 
symmetric afterbody flow, were successful in matching cer ta in  measured 
data,  what profiles would it be using at the various afterbody stations? 
Details of the semi-  
8 
The Cohen-Reshotko family of profiles that i s  used does not contain 
Thus,  the only accounting for this effect the effect of t r ansve r se  curvature .  
that is  made in the semi-empir ical  method en ters  by way of the Probstein-  
Elliott transformation, used to relate the axisymmetric problem to an equiv- 
alent,  quasi-two-dimensional one. In o rde r  to investigate the fur ther  effect 
that t ransverse  curvature  might have on the basic pl'ofiles themselves ,  some 
reverse-flow profiles have been calculated for  the t ransverse-curva ture  
generalization of the Cohen-Reshotko equations. 
believed to be new, a r e  presented in Ref. 8. 
the Cohen-Reshotko profiles a r e  adequate, at  l ea s t  up to the point where the 
separated-layer  thickness becomes comparable to the t r ansve r se  radius of 
the afterbody. 
These resu l t s ,  which a r e  
They lead to the conclusion that 
The ablation products l iberated by the heat shield form an important 
source of f r ee  electrons in the reverse-flow region on the afterbody. 
one of the profiles of p r imary  importance i s  that of the ablated species .  
approximate solution fo r  this profile i s  given, in an attempt to determine how 
the ablation products a r e  redistributed by the mixing process  occurring in  the 
separated-flow region. 
Thus 
An 
The principal resu l t  of this study i s  a method by which information 
about the heat  t ransfer  and zero-velocity-streamline location in a separated 
region can be used to ass ign a velocity and an enthalpy profile,  taken from 
the lower-branch family of solutions of the Cohen-Reshotko equations I )  The 
I  
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method applies to a body of revolution in axisymmetric flow, and includes an  
accounting f o r  t r ansve r se  curvature.  
In principle,  these profiles can be used to find the distribution of 
in an approximate 8 f ree  electrons in the separated region; they were  used 
relation for the profile of an element mass fraction corresponding to an abla- 
tion product - 
reentry makes it c l ea r  that  the input data must  be carefully chosen, especially 
with regard to the influence of wall cooling. 
available data a r e  insufficient for  determining the location of the zero-velocity 
streamline on the Apollo configuration under cold-wall conditions. 
The application of this profile to conditions typical of Apollo 
A t  present ,  it appears  that the 
Some of the resu l t s  obtained have application to other problems.  In 
par t icular ,  the correlation of the Cohen-Reshotko profiles allows the Lees -  
Reeves-Holden method to be applied for values of && other than 0 .2 .  A l s o ,  
the reverse-flow solutions of the Probstein-Elliott  equations provide interest-  
ing information on the effect of t ransverse  curvature on separated flows. 
1 
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6. SIGNAL TRANSMISSION THROUGH AN APOLLO PLASMA 
.-- ,, 
i 
The detailed investigation of the high-temperature air kinetics pertinent 
to  the Apollo reentry,  which comprised an  important par t  of the overal l  pro-  
gram,  enabled est imates  to  be made of the electron-number density and col- 
lision-frequency distributions in the inviscid,afterbody flow field f o r  s eve ra l  
velocity-altitude conditions on the Apollo reentry t ra jectory.  
were obtained f rom streamtube solutions based on a suitably derived (charac-  
t e r i s t i c s  calculation) p re s su re  distribution as the forcing function. 
e lec t r ica l  propert ies  of the reent ry  plasma had been prescr ibed,  the effect 
on microwave-signal propagation through the shock layer  could then be com- 
puted. 
Such est imates  
Once the 
12 
A computer program had previously been developed at CAL fo r  the 
calculation of plane-wave microwave radiation through plasmas of a rb i t r a ry  
varying propert ies .  F o r  purposes of calculation, the plasma profile is 
represented by a s e r i e s  of homogeneous planar plasma s labs  and the complex 
t ransmiss ion  and reflection coefficients a r e  determined for  e i ther  T E  o r  Tryt  
modes of propagation, f o r  a rb i t r a ry  angles of incidence. Solutions may be 
obtained for  plasmas bounded on both s ides  by f r e e  space,  o r  by f r e e  space 
on one side and a ground plane on the other side. 
F o r  propagation f r o m  antennas in close proximity to the plasma,  account 
is a l so  taken. of antenna near-field effects and antenna-impedance mismatch 
effects on the microwave t ransmission.  These la t te r  considerations a r e  
included by means of a program employing the variational formulation of 
Galej s 36’ 37 f o r  the calculation of the self and mutual admittances of waveguide- 
aper ture  antennas in a ground plane radiating into stratif ied plasmas. 
overall  profile for  microwave-propagation calculation is that afforded by a 
suitable s e r i e s  of homogeneous s labs  which descr ibe the dielectr ic  propert ies  
of the antenna window and the plasma propert ies  of the boundary layer  o r  
separated-flow region and the inviscid shock-layer along the path of radiation 
propagation. 
The 
Accordingly, fo r  purposes of an  initial calculation a profile of electron 
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concentration and collision frequency w a s  calculated, normal  to  the body 
surface,  f r o m  the resu l t s  of the Apollo afterbody-streamtube calculations for  
a velocity of 35, 000 f t / s e c  and an altitude of 300, 000 f t .  
was selected to correspond to the geometric location of the antenna just down- 
s t r e a m  of the shoulder toroid, the computed profile pa rame te r s  necessar i ly  
corresponded to the pitch plane of the reent ry  attitude, whereas the antennas 
a r e  actually located about 45" with respect  to this plane. A s imi la r  profile 
over the actual antenna location could therefore  be expected to be of l e s s e r  
overall  thickness but of higher peak-electron number density as a resul t  of 
the closer  approach to the windward flow. 
While the profile 
An est imate  of the plasma propert ies  normal  to  the body surface in the 
s eparated-flow region w a s  obtained f rom equilibrium conside rations consistent 
with the static-enthalpy profile calculated through the separated region by the 
semiempir ical  technique of Rae. Strictly,  this approximate method i s  appli- 
cable to the axisymmetr ic  case  only and a s sumes  no normal-pressure gradient. 
Its application to the present  20" angle-of-attack c a s e  (approximately 20" )  
therefore  is not s t r ic t ly  justifiable although, a t  the present  time, no a l te rna-  
tive analytical derivation is available. Originally, the surface -normal 
shock-layer profile thus calculated was to be assumed a s  a start ing point fo r  
a paramet r ic  study of the effect on the overall  signal attenuation of changes 
in the specified profile parameters  fo r  microwave t ransmission at S-band 
(2. 287 GHz). Realistically, other limitations on the accuracy of the es t i -  
mated flow-field plasma pa rame te r s  a r e  c lear ly  recognized. 
38 In 1968, the Marcus Island S-band signal strength data became available 
f o r  the AS-501 flight, in which an  Apollo Command Module was f i red  into the 
ea r th ' s  atmosphere at superorbi ta l  velocity (-35, 000 f t / sec) .  It was per t i -  
nent to the overall  study, therefore ,  to examine the fo rm of the plasma profile 
deduced on the bas i s  of the observed AS-501 microwave-signal behavior, f o r  
comparison with that determined f rom numerical  flow-field calculations. 
The aim of the r e sea rch  reported in Ref 12, therefore ,  w a s  to examine 
the effect of the Apollo-afterbody plasma on the t ransmiss ion  of S-band 
(2.287 GHz) radiation by means of the microwave-propagation computer pro-  
g rams  available a t  CAL, and using these,  to  descr ibe  a plasma profile nea r  
33 
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the loss-of-signal (LOS) altitude fo r  Apollo entry which w a s  consistent both 
with the observed signal behavior f rom the AS-501 flight and with numerical  
flow-field predictions. 
of the effective Apollo plasma, the possible significance of near-field effects 
on the overal l  signal attenuation w a s  to be assessed .  
Fur thermore ,  on the basis  of a suitable derived model 
Within the capabilities of the available computer programs at CAL, a 
plasma profile nea r  the LOS altitude f o r  the AS-501 entry was descr ibed 
which was consistent both with the observed signal behavior and with the 
Apollo flow-field predictions. 
wave analyses alone a r e  inadequate and that antenna near-field and impedance- 
mismatch effects must  be included to  afford a quantitative comparison with 
the AS-501 data. 
The investigation fur ther  indicated that plane- 
In the absence of a low-loss dielectric mater ia l  over the ground plane, 
but including the effects of a dielectrically-loaded (rectangular)  aper ture  
antenna, the resul ts  of transmission-loss calculations indicate a separated-  
flow-region thickness of f r o m  2 to  3 cm, in reasonable accord with the 4-cm 
thickness estimated f rom the flow-field solutions. Fur thermore ,  in the 
assumed absence of ground-plane and plasma-curvature effects, such calcu- 
lations in the AS-501 case  indicate S-band signal reception corresponding to 
a propagation path close ( e 10') t o  the transmitt ing-aperture normal.  
J 
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7. CONCLUSIONS 
1 
A map  of the communication-blackout boundary fo r  a c a r r i e r  frequency 
of 2. 287 GHz has  been calculated f o r  the earth-atmosphere entry of an  Apollo 
vehicle for  the entry-velocity range 14, 000 f t / s ec  to 3 5 ,  000 f t / sec .  
mated altitude uncertainty fo r  a given velocity in this range is 
The es t i -  
5000 f t .  
A semiempir ica l  technique was developed to  calculate the electron- 
density and collision-frequency distributions in the plasma. 
rate coefficients for  the electron-depletion reactions used in these calculations 
were experimentally determined at elevated electron tempera tures .  
were measured  for  the reactions 1) NO't e - 2  N t 0 , 2 )  NZt t e - 3  N t N 
The reaction- 
Values 
k r  kl- 
k 
and 3 )  02' .+ e -  r l  
kr l  
0 +. 0 . The resulting values are:  
2) -1. Y 3 Z L .  -/.*- 3 
= (/*3- 20, S) A 10 /mole E, 3k'2 = (6.7 e.2.3) A /O cm /mole sec, 
= (8.0 LfZ) x /02'c-b3- c m  /mole  sec.  and k r  
3 
A flow-field calculation technique has  been developed and w a s  used to  
descr ibe  the nonequilibrium-flow species profiles in the viscous shock layer  
surrounding the Apollo vehicle a t  high altitudes. 
influences of the wa l l  cooling and species diffusion on the levels of the d is -  
sociation products in the viscous shock layer .  It was found that increased 
rarefaction brings about reduction in these levels,  especially the electron- 
density levels,  in both the stagnation and downstream regions of the Apollo 
body. 
as much as two o r d e r s  of magnitude in the stagnation region and three  o rde r s  
of magnitude in the downstream region, demonstrating significant viscous 
effects. 
The resul ts  indicate sizable 
The inviscid analysis w a s  shown to overpredict  the ionization level by 
A semiempir ical  technique was developed by which experimental  meas  - 
ments of the heat t r ans fe r  and zero-velocity-streamline location in a sepa- 
rated-flow region can be used to  assign a velocity and an enthalpy profile. In 
principle, these profiles can be used to  find the distribution of f r e e  electrons 
in  the separated region. The application of this  method to  conditions typical 
of Apollo entry makes it c l ea r  that the input data must  be carefully chosen, 
especially with regard  to  the influence of wall cooling. A t  present,  it appears  
3 5  
1 that  the available data are insufficient fo r  determining the location of the 
zero-velocity s t reamline on the Apollo configuration under cold-wall condi- 
tions. 
The propagation of a 2.287-GHz microwave signal through the Apollo 
plasma w a s  a l so  investigated. 
the Apollo-50 1 flight data. By application of machine programs previously 
existing at CAI, f o r  the calculation of electromagnetic -wave propagation it 
w a s  possible to obtain quantitative agreement  between the predicted signal 
attenuation and the 501 flight data. 
A parametric-type study w a s  performed using 
I .  
i 
, i  
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ABSTRACT 
The dissociative- recombination r a t e  coefficient for the 
N t 0 has  been measured in the inviscid t -  reaction NO t e 
nozzle flow of a short-duration ref lected - shock tunnel and found 
to b e  given by  k r  = (6 .  7 f 2.3)  x l o z 1  Te- 'e5cm /mole sec  
for an electron tempera ture  range of approximately 2000°K to 
7000°K. 
r i um re se rvo i r  conditions of 6850°K and 22 atm pres su re  and 
at 7200°K and 25 atm pres su re .  Thin-wire Langmuir probes 
were  used to m e a s u r e  the electron tempera ture  and electron 
density on the nozzle centerline. 
simultaneously measured using microwave in te r fe rometers  
and found to be in good agreement  with the values obtained 
f rom the Langmuir-probe data. 
pera tures ,  which were  considerably grea te r  than the calculated 
heavy-particle translational temperature ,  were  used in determin-  
ing kr f rom the number density data. 
k,- 
3 
These experiments  were  performed in  air at equilib- 
The electron densit ies were  
The measured electron tem-  
2B. Dunn, M. G. and Lordi,  J. A., "Measurement of Nzt t e -  Dissociative 
Recombination in  Expanding Nitrogen Flows, ' I  paper submitted for 
publication ( s e e  also Cornel1 Aeronautical Laboratory Report  No. 
AI 2187-A-13, Apri l  1969). 
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ABSTRACT 
The dissociative-recombination r a t e  coefficient for the 
react ion N t e - N t N has been measured in the inviscid 
nozzle flow of a short-duration reflected-shock tunnel and found 
to be  given by  kr = (1. 5 f 0. 5) x 10 c m  /mole-sec for 
an  electron tempera ture  range of approximately 3500°K to  
7200°K. 
at equilibrium re se rvo i r  conditions of 6750°K and 13. 1 atm 
p r e s s u r e  and at 7200°K and 17.1 atm pres su re .  
density and the electron tempera ture  were  measured on the 
nozzle centerline at severa l  axial locations using thin-wire 
Langmuir probes.  
measured using microwave interferometers  and found to be  in 
good agreement  with the probe data. 
- k r  
2 
22 - 1 . 5  3 
Te 
The t e s t  gas used in these experiments was  nitrogen 
The electron 
The electron densit ies were  simultaneously 
I 
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Dunn, M. G. and Lordi,  J. A . ,  "Measurement of 0 t e -  Dissocia- 
tive Recombination in Expanding Oxygen Flows, " submitted for pub- 
lication ( s e e  a l so  Cornel1 Aeronautical Laboratory Report  No. AI 2187- 
A-15, June 1969). 
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ABSTRACT 
The dissociative- recombination r a t e  coefficient for 
the reaction 02' t e -  0 t 0 has been measured in the 
inviscid nozzle flow of a short-duration reflected-shock 
-1. 5 tunnel and found to  be given by kr = ( 8  f 2) x l o z 1  Te 
c m  /mole sec  for an electron temperature  range of ap- 
proximately 1800°K to 5000°K. 
performed in oxygen at equilibrium re se rvo i r  conditions 
of 4950°K and 25 atm pressure .  
probes were  used to  measu re  the electron temperature  
and electron density on the nozzle centerline.  
t ron  densit ies were  simultaneously measured using mic ro -  
wave interferometers .  
k; 
3 
These experiments were  
Thin-wire Langmuir 
The elec- 
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t ion on Compressible ,  Three-Dimensional,  Laminar  Boundary Layers ,  t !  
AIAA Journal,  Vol. 5, No. 10,  1967, pp. 1738-1745 ( see  a l so  Cornel1 
Aeronautical  Laboratory Report  No. AI-21 87-A- 2, Aug. 1966). 
ABSTRACT 
The effect of mass injection on compressible ,  th ree-  
dimensional, l aminar  boundary l aye r s  with small secondary 
flow is analyzed for  the c a s e  of a nonreacting gas. The con- 
servation equations a r e  expressed in  the streamline-coordinate 
sys tem and the Howarth-Dorodnitsyn transformation is then 
applied. By application of a local  s imilar i ty  assumption, solu- 
tions a r e  obtained for the secondary-flow velocity profiles,, the 
s t reamwise velocity profiles, and the total-enthalpy profile s, 
with mass- inject ion ra te  as a parameter .  In addition, the 
chemical species  profiles for a frozen boundary layer  a r e  a lso 
obtained. 
ization suitable for  c a s e s  where the s t reamlines  have an  inflection 
point, Additionally, the influence on these profiles of wall t em-  
pera ture  and p r e s s u r e  gradients,  along and t r ansve r se  to the 
s t reamline direction, is  investigated for  given values of mass- 
injection rates .  
of mass injection on the boundary-layer flow, especially on 
the secondary- flow velocity component. 
The local-  s imilar i ty  approximation used in a general-  
The resu l t s  demonstrate  a significant effect 
A s  an application, the boundary-layer flow on an Apollo- 
type forebody at 20" angle of attack is analyzed using the c o r -  
responding three-dimensional solution for the inviscid outer 
flow. 
is presented for relatively l a rge  values of mass-injection 
ra tes .  
The behavior of the velocity and total-enthalpy profiles 
5B. Kang, S. W . ,  "An Integral  Method for Three-Dimensional Compres-  
sible, Laminar Boundary Layers  with Mass  Injection, I '  Cornel1 
Aeronautical Laboratory Report No. AI-2187-A-5, May 1967. 
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The integral  method is applied to obtain a general  analysis  
of the  three-dimensional,  compressible ,  l aminar  boundary layer  
with mass injection, 
the s t reamline coordinate sys tem and profile pa rame te r s  a r e  
introduced for the s t reamwise velocity, the total enthalpy 
and the secondary-flow velocity profiles. As an  i l lustration, 
the present  formulation is applied to three-dimensional flow 
in  the forebody region of a blunt body. 
injection and s t reamline curvature,  including the effect of 
an inflection point in the outer inviscid streamline,  are ana- 
lyzed. 
boundary-layer flow is observed. 
The equations a r e  expressed in  t e r m s  of 
The effects of mass 
The nonsimilar nature  of the three-dimensional 
6B. Kang, S. W . ,  Rae, W. J . ,  and Dunn, M. G . ,  "Studies of Three-  
Dimensional, Compressible Boundary Layer  s on Blunt Lifting Entry 
Bodies, 
Hypersonic Boundary Laye r s  and Flow Fields,  1-3 May 1968, 
London, England, Pape r  No. 28. 
paper presented at the AGARD Specialists '  Meeting on 
ABSTRACT 
Theoretical  studies of the three-dimensional, laminar ,  
compressible  boundary layer  with mass injection are reported. 
Applications a r e  given to  c a s e s  typical of the heat shield of 
the Apollo vehicle during lifting reentry.  
divided in  two par ts .  The first par t ,  reviewed only briefly 
here ,  i s  res t r ic ted  to the case  of small secondary flow. The 
second par t ,  which makes up the major  content of this paper ,  
consis ts  of an  integral  method in  which the small-secondary- 
flow restr ic t ion need not be made. Applications of the latter 
method a r e  descr ibed;  significant nonsimilar effects a s so -  
ciated with mass injection and inviscid - st reamline curvature  
are observed. 
The studies are 
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7B. Rae, W. J . ,  "A Method for Estimating Separated-Flow Prof i les  over 
an  Axisymmetric Afterbody, 
por t  AI 2187-A-7, Oct. 1967. 
Cornel1 Aeronautical Laboratory Re- 
ABSTRACT 
This repor t  contains a method of selecting velocity and 
enthalpy profiles that will match the measured heat t ransfer ,  
p r e s s u r e  distribution, and zero-velocity- s t reamline location 
in a region of separated flow. 
family of lower -branch solutions of the Cohen-Reshotko equations. 
The profiles a r e  taken f rom the 
The method is formulated for a body of revolution in  an  
axisymmetr ic  flow. 
par t ia l ly  accounted for by using the Probstein-Elliott  t r ans -  
formation to  define a related two-dimensional flow. 
remaining effect of t r ansve r se  curvature  is then contained 
i n  the family of profiles used. 
of the Cohen-Reshotko equations, generalized to include t r ans -  
v e r s e  curvature ,  a r e  then presented in  o rde r  to show the 
magnitude of the la t te r  effect. 
The effect of t r ansve r se  curvature  is 
The 
Some reverse-f low solutions 
An approximate solution is also given for  an element-mass-  
fraction profile representing the species  ablated f rom the heat 
shield. 
8B. Kang, S. W. and Dunn, M. G . ,  "Integral Method for the Stagnation 
Region of a Hypersonic Viscous Shock Layer  with Blowing, AIAA 
J . ,  Vol. 6, No. 10, pp. 2031-2033, Oct. 1968 ( see  also Cornel1 
Aeronautical Laboratory Report  No. AI-2187-A-8, Apri l  1968). 
ABSTRACT 
The hypersonic viscous layer  at low Reynolds numbers 
with blowing has been analyzed in  the stagnation region of a 
blunt body. 
wise momentum, the normal  momentum, and the energy equa- 
tions, resu l t s  a r e  obtained for var ious values of the blowing 
By application of an integral  method to  the s t r eam-  
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rate and for  var ious degrees  of rarefact ion of the flow. 
Significant effects of blowing on the charac te r  of the flow 
are observed. 
9B. Kang, S. W . ,  "Hypersonic, Low Reynolds-Number Flow over a Blunt 
Body with Mass  Injection, ' I  to be  published in  AIAA Journal  ( s e e  also 
Cornell  Aeronautical Laboratory Report  No. AI-2187-A-9, Sept. 1968). 
ABSTRACT 
The effects of mass injection on the viscous hypersonic 
shock layer  in  the forebody region (downstream as well as the 
stagnation point) of a blunt body a r e  theoretically analyzed for 
a non-reacting gas  in  the incipient-merged layer  regime. Both 
the normal  and the s t reamwise components of the Navier-Stokes 
equations, along with the energy equation, a r e  considered under 
the thin shock-layer assumption. 
transformation, nonsimilar solutions a r e  obtained by application 
of an  integral  method for blowing r a t e s  ranging f r o m  ze ro  to  as 
l a rge  as the free- stream mass flux ( L& ). Significant 
influences of blowing on the charac te r  of the viscous shock 
layer  a r e  observed. 
After a suitable coordinate 
10B. Kang, S. W . ,  "Nonequilibrium, Ionized, Hypersonic Flow over a 
Blunt Body at Low Reynolds Number, " submitted f o r  publication 
(see also Cornell Aeronautical Laboratory Report  No. AI- 21 87-A- 12, 
May 1969). 
ABSTRACT 
Ionized nonequilibrium flow in  the forebody region 
(downstream as well  as the stagnation) of a catalytic blunt 
body is theoretically analyzed in the incipient merged - layer  
reg ime using the thin shock-layer assumption. 
conservation equations for seven species and six chemical 
reactions a r e  considered; they a r e  decoupled f rom the Navier- 
The species 
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Stokes and the energy equations. 
obtained by application of an integral-method with the degree  
of rarefact ion as a parameter .  
effects of wall cooling and species  diffusion on the dissocia-  
tion and the ionization levels,  demonstrating in the p rocess  
that the inviscid -flow analysis overpredicts  the electron- 
density level by as much as two o r d e r s  of magnitude in the 
stagnation region and by three o r d e r s  of magnitude in the 
downstream region of a catalytic blunt body. In addition, the 
resu l t s  suggest that the binary-scaling principle m a y  be applied 
to the c a s e  of an  ionized merged-layer  flow over a blunt body 
at high altitudes. 
Nonsimilar solutions a r e  
The resu l t s  show sizable 
11B. Boyer,  D. W . ,  "An Investigation of S-Band Signal Transmiss ion  
Through an  Apollo Ear th-Ent ry  Plasma, ' I  Cornel1 Aeronautical 
Laboratory Report  No. AI-2187-A-11, May 1969. 
A B S T M C T  
An investigation has been made of signal t ransmiss ion  
at S-band through an Apollo ear th-entry p lasma environment. 
A p lasma profile has been described which is consistent with 
numerical  predictions of the Apollo flow field and which resu l t s  
in computed signal attenuation behavior in qualitative ag ree  - 
ment with d a t a  recorded f rom the AS-501 fired entry flight 
of a n  Apollo Command Module. 
plane-wave considerations d o n e  a r e  inadequate and that antenna 
impedance var ia t ion effects must be included to afford a quanti- 
tative correlat ion with observed attenuation behavior. 
considerations have included the effect of a dielectric aper ture  
window on the calculated far-field t ransmiss ion  l o s s  as well 
as a n  indication of the effect of radiation propagation angle on 
the shape of the received S-band signal. 
The study has indicated that 
The 
, 
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12B. Dunn, M. G. , "Reaction Rate Constants for Ionized Air ,  Cornel1 
Aeronautical  Laboratory Report No. AI-2187-A-1, April  1966. 
ABSTRACT 
The resu l t s  a r e  reported of a br ief  l i t e ra ture  survey 
conducted to substantiate the react ion rate constants c u r -  
rently used for reactions involving charged species  of pure  
air. The charged species  of p r i m a r y  in te res t  a r e  N 
NO', Nt, Ot, and e-.  
two-body dissociative recombination reactions,  three-body 
electron-electron-ion recombination reactions,  three-body 
Thomson recombination reactions,  charge-exchange r eac -  
tions, and ion-atom- exchange reactions.  
t t 
2 ' O 2 '  
The specific reactions studied are the 
The available rate constant information, both theoretical  
and experimental, is presented for  electron tempera tures  
equal to o r  g rea t e r  than room temperature .  An effort has 
been made to seek out d a t a  applicable to e lectron tempera tures  
in  excess  of 300°K.  Rate constant expressions,  including the 
tempera ture  dependence, a r e  suggested for  use in the calcula- 
tion of high- enthalpy ionized flow field s. 
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It is not the intention of this repor t  to  d i scuss  cr i t ical ly  
the resu l t s  of the r e s e a r c h  reported by the papers  surveyed. 
However, general  comments and reservat ions expressed by 
the investigators contributing to  the data discussed a r e  in-  
clud ed when appropriate. 
13B. Dunn, M. G. , "Experimental  Studh of High-Enthalpy Shock-Tunnel 
Flow, Part I: Shock-Tube Flow and Nozzle Starting Time, ' I  accepted 
for publication in  AIAA Journal  ( s ee  also Cornel l  Aeronautical 
Laboratory Report  AI 2187-A-6, Nov. 1967). 
ABSTMCT 
The results of an experimental  study of shock-tube and 
nozzle (reflected- shock tunnel) flows for  incident- shock Mach 
numbers  ranging f rom 8. 5 to 16. 5 a r e  reported. The t e s t  gas  
5 1  
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used in  these experiments was ei ther  air o r  nitrogen and 
the d r ive r  gas was either hydrogen or helium. Incident- 
shock t e s t  times were  measured using severa l  diagnostic 
techniques for laminar  boundary layers  and for conditions 
at which boundary-layer transit ion occurred within the tes t -  
gas  slug. 
in  excellent agreement  with the theory. 
for the transitional boundary-layer c a s e  a r e  compared with 
the theory for  fully-turbulent boundary-layer flow because of 
the absence of an  appropriate theory. 
p r e s s u r e  dip frequently observed to follow the p re s su re  plateau 
which occurs  immediately af ter  shock reflection was  also studied. 
The resu l t s  suggest that the dip is caused by an expansion wave 
generated upon initial interaction of the reflected shock with 
the dr iver -dr iven  gas  interface. 
to some degree for all combinations of d r ive r  and tes t  gases  
studied. However, the dip was most  pronounced for the case  
of hydrogen driving air possibly due to interface combustion. 
The laminar  boundary-layer data  were  found to  be 
The data obtained 
The reflected-shock 
The p res su re  dip was present  
The start ing t ime was studied in a 13" half-angle conical 
nozzle for two shock-tube Mach numbers,  16.5 and 11.5, using 
air as the t e s t  gas and hydrogen as the d r ive r  gas. Several  
diagnostic methods were  used in  the nozzle including micro-  
wave inte r f e r ome t e r s, phot omul tiplie r tub e s, and pie z oel ec t r i c 
p re s su re  t ransducers .  The s tar t ing-t ime measurements  made 
with these various techniques are shown to be generally in  agree  
ment. 
shock reflection required to  es tabl ish uniform flow at a given 
axial location in the nozzle can be reasonably predicted by 
A resul t  of these studies is  that the measured t ime af ter  
, 
integration of the quantity d 
tu-&)  * 
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14B. Dunn, M. G. , ! 'Experimental  Study of High Enthalpy Shock- Tunnel 
Flow, Part 11: Nozzle-Flow Charac te r i s t ics ,  accepted for  publica- 
tion in  A U A  Journal  ( s e e  also Cornel1 Aeronautical Laboratory 
Report  AI-2187-A-6, Nov. 1967). 
ABSTRACT 
The duration of uniform flow and wall boundary-layer 
growth have been measured in the conical nozzle of a reflected- 
shock tunnel operating at high-enthalpy conditions. 
w e r e  performed in air for  shock-tube Mach numbers  of 16. 5 
and 11. 5, with corresponding initial driven-tube p r e s s u r e s  of 
0. 5 and 10. 0 t o r r ,  respectively. Several  different diagnostic 
techniques were  used to measu re  the uniform-flow period and 
the resu l t s  are compared. 
density measurements  were  found to b e  the mos t  sensit ive 
flow indicators. 
growth on the nozzle wall was determined for both of the 
aforementioned experimental  conditions using velocity and 
density profiles deduced f rom pi tot-pressure and stagnation- 
point hea t - t ransfer  measurements .  
between experimental  and theoretical  pitot p r e s s u r e s  at compara-  
ble inviscid a r e a  ratios.  
placement thicknesses a r e  compared with the resu l t s  of two 
typical prediction techniques. 
Experiments 
Radiation-intensity and electron- 
The boundary -1aye r d i splac ement - thickne s s 
Good agreement was  found 
The measured boundary-layer and d i s -  
1 5 ~ .  Dunn, M. G. and Lordi,  J. A. , "Thin-Wire Langmuir-Probe Measure-  
ments  in the Transit ion and Free-Molecular Flow Regimes, ' '  Cornel1 
Aeronautical Laboratory Report  No, AI-2187-A-14, June 1969. 
ABSTRACT 
1 
1 
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Thin-wire Langmuir probes have been used to measure  
the electron temperature  and electron density in  the inviscid 
nozzle flow of a short-duration reflected- shock tunnel. The 
electron density was  simultaneously measured using micro-  
wave interferometers .  The t e s t  gas used in these experiments 
53 
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was  nitrogen at an equilibrium re se rvo i r  condition of 7200°K 
and 17. 1 atm. At selected nozzle locations, the probe diam- 
e t e r  and fineness ra t io  ( L / D )  of the probe were  systematically 
varied in o rde r  to investigate probe performance i n  the t r ans i -  
tion and free-molecular  flow regimes.  The measured electron 
tempera tures  d id  not depend upon the probe diameter  o r  the 
fineness ratio. The electron density inferred f rom the probe 
charac te r i s t ic  was  found to be sensitive to collisional effects 
but insensitive to the fineness ra t io  in both the transit ion and 
free-molecular  flow regimes.  F o r  f ree-molecular  flow the 
resu l t s  agree  with Laframboise 's  theoretical  predictions for 
ion collection in the orbital-motion-limited region. 
probes having a radius l e s s  than a Debye length in a f r ee -  
molecular flow, the experimental  resu l t s  appear to  d i sagree  
with the theory, the collected cur ren ts  being l a rge r  than 
those predicted. In the transition-flow regime, the c o r r e c  - 
tion for collisional effects given by Talbot and Chou provides 
good agreement  between the Langmuir -probe and microwave- 
interferometer  e l  e c tr on - d ens it y data. 
Fo r  
Dunn, M. G. , I 'Experimental Shock- Tube Investigation of Conditions 
Behind Incident and Reflected Shocks in Air  for Shock Mach Numbers 
Between 8. 5 and 16. 5, " Fifth Hypervelocity Techniques Symposium, 
16-17 March  1967, Denver, Colorado ( see  a l so  Cornel1 Aeronautical 
Laboratory Report  No. AI-2187-A-3, Oct. 1966). 
ABSTRACT 
The resul ts  presented in this  paper comprise  detailed 
measurements  of conditions behind both incident and reflected 
shocks for both laminar  and turbulent boundary l aye r s  at shock 
Mach numbers ranging f rom 8.6 to  16. 5. Incident-shock t e s t  
t imes  for both the laminar  and turbulent boundary layer  were  
found to be in  excellent agreement with the theoretical  work 
of Mirels .  '' The da ta  show no evidence of interface burning 
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behind the incident shock. 
indicated a near ly  constant electron density behind the incident 
shock which agreed to within 20 percent of the theoretical  
equilibrium value. 
found to have a significant influence on the side-wall p r e s s u r e  
but negligible effect on the radiation behind the reflected shock. 
No significant increase  in reflected-shock t e s t  t ime was rea l -  
ized using boundary-layer tr ips.  However, the t r i p s  were  
effective in smoothing out the side-wall p ressure .  
portance of dr iver- tube length on shock-tube performance was  
assessed  by using dr iver  lengths of 2. 5 and 9 . 0  ft.  
found that the shock-wave strength was relatively independent 
of the dr iver- tube length, but for the higher dr iven tube p r e s -  
su res ,  the duration of uniform flow behind the incident shock 
was  significantly shortened with the 2. 5 f t .  d r iver .  
Microwave interferometer  da ta  
Shock wave-boundary layer  interaction was 
The im- 
It was  
17B. Dunn, M, G . ,  "Experimental Study of the Starting P rocess ,  Flow 
Duration, and Nozzle Boundary Layer  in  a High-Enthalpy Shock Tun- 
nel, ' '  Cornel1 Aeronautical Laboratory Report  No. AI-21 87-A-6, 
Nov. 1969. 
ABSTRACT 
Studies of the start ing process  and boundary-layer growth 
have been conducted in the conical nozzle of a reflected-shock 
tunnel using air as the t e s t  gas. 
performed at shock-tube Mach numbers  of 16. 5 and 11.6, with 
corresponding initial driven-tube p res su res  of 0. 5 and 10. 0 
mm Hg respectively. 
shock-tube diameter  was  approximately 0. 1. 
quired to establish uniform flow i n  the nozzle was found to 
increase  approximately l inearly with axial distance f rom the 
throat. The duration of uniform flow was determined at sev-  
e r a l  locations using mic rowave - inte r f e r  omet e r ,  radiation- 
intensity, and pi tot-pres  su re  measurements .  
These experiments were  
The rat io  of the throat  diameter  to  the 
The t ime r e -  
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The bound ar y - laye r d i splac ement - thic kne s s g r owth on 
the nozzle wall  was  determined for  both of the aforementioned 
experimental  conditions using the measured velocity and den-  
si ty profiles.  
and theoretical  p i to t -pressures  a t  comparable inviscid a r e a  
ratios.  
su re  the measured wall static p r e s s u r e  agreed well with 
calculated values at the nozzle center  line. However, in the 
c a s e  of the lower dr iven p res su re ,  comparison of the measured 
wall static p r e s s u r e  with the theoretical  value implied the 
existence of a substantial p r e s s u r e  gradient normal  to the wall. 
Good agreement  was achieved between measured 
In the experiment using the higher driven-tube p r e s -  
A summary  of experiments conducted under other support 
to ascer ta in  the range of validity of the equilibrium-interface 
concept as used in shock-tunnel operation is a l so  presented. 
The t e s t  gas  in these experiments was either air o r  nitrogen, 
and the d r ive r  gas  was either hydrogen o r  helium. 
driven-tube initial p r e s s u r e  was held fixed at 10 .0  mm Hg 
and the Mach number varied f rom 7.3 to 12.  2. 
sition of the d r ive r  gas  was found to be par t icular ly  impor-  
tant. 
enthalpy levels implied by the p r e s s u r e  da ta  in  the equilib- 
r i um interface region were  apparently not achieved. W i t h  
helium used as the d r ive r  gas  the resu l t s  suggested that the 
equilibrium-interface concept may  b e  valid at substantially 
over-tailored incident-shock Mach numbers. 
The 
The compo- 
W i t h  hydrogen used as the d r ive r  gas  the increased 
18B. Dunn, M. G . ,  "Application of Microwave and Optical Diagnostic Tech- 
niques in Shock-Tube and Shock-Tunnel Flows, ' I  AIAA 3rd Aero-  
dynamic Testing Conference, San Francisco,  California, April  8- 10, 
1968. 
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The resu l t s  presented in this paper i l lustrate  the 
application of severa l  diagnostic tools current ly  being 
used a t  Cornel1 Aeronautical Laboratory in the study of 
shor t  duration p lasmas  produced in high-enthalpy shock tubes 
and shock-air  as the dr iven ( tes t )  gas  for incident shock 
Mach numbers ranging f rom 1 0  to 20. 
techniques utilized in  the nozzle include microwave inter-  
fer ome te  r s, Lang mui r probe s, pho tomultipli e r tub e s, 
thin-film gauges, and piezoelectric p r e s  su re  t ransducers .  
With the exception of the thin-fi lm gauges and the Langmuir 
probes,  the same diagnostic tools a r e  used in  the shock tube 
to deduce the electron density, visible radiation and p r e s s u r e  
behind the incident shock. 
Doppler technique to obtain a continuous measurement  of 
incident- shock velocity is i l lustrated.  In addition, the r e -  
flected - shock radiation, sidewall temperature ,  and p r e s  su re  
a r e  measured.  
in such short-duration facil i t ies require  ancil lary data  to  
insure that measurements  a r e  made at the proper  t ime, and 
that severa l  techniques a r e  applicable for this purpose. 
The diagnostic 
The application of a microwave 
It is concluded that experimental  p rograms 
19B. This repor t  was  jointly supported by NASA Contract NAS5-9978, 
NASA Contract NAS5-3976, AFOSR Contract A F  49(630)-1487, and 
CAL W/A 7152-146. 
Bohachevsky, I. 0. and DeSanto, D. F. , "A Method for  Determining 
Catalytic Efficiency of Surfaces,  ' I  Cornel l  Aeronautical Laboratory 
Rept. No. AI-2187-A-4, Feb. 1967. 
ABSTRACT 
A method is described which is used to  determine 
numerically the relationship between the catalytic efficiency 
( ) of a surface and the heat t r ans fe r  ( through the surface i) 
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in low Reynolds number flow of a partially dissociated gas. 
The work is motivated by the fact  that heat  t r ans fe r  is 
eas i ly  measurable  in the laboratory whereas  catalytic ef- 
ficiency is not. 
vation of a relationship between d and the surface concen- 
t ra t ion of f r e e  a toms ( c, ); once this relationship is known, 
it is used to eliminate C, f rom the expression relating d and 
The approach is directed towards the d e r i -  
, obtainable f rom energy balance and f rom the kinetic 
theory of gases.  To establish the required relationship 
between # and C, , a mixed boundary value problem for 
the convective diffusion equation i s  formulated and solved 
numerically us ing an implicit,  alternating -direction i terat ion 
procedure.  
not only along the surface,  but a l so  throughout the flow field. 
Results a r e  obtained for  a cylinder partially coated with a 
catalytic substance; they reveal  the effect of the velocity 
field and point out the need for be t te r  quantitative knowledge 
of the low Reynolds number flow. In addition, parameter  
values for the bes t  experimental  accuracy a r e  delineated. 
The concentration of f r e e  a toms is determined 
Lordi,  J.A. and Dunn, M. G. , "Sources of Electron Energy in 
Weakly Ionized Expansions of Nitrogen, I '  Cornel1 Aeronautical Lab 
ora tory  Report  No. AI-2187-A-16, June 1969. 
ABSTRACT 
Experimental  data fo r  the variation of electron tempera ture  
and number density along a nozzle expansion of weakly ionized 
nitrogen have been used to  evaluate the t e r m s  in the electron 
energy equation. These measurements ,  which were  used p r e -  
viously to infer the dissociative -recombination ra te  coefficient 
fo r  N2+ , were  made in a shock tunnel using thin-wire Langmuir 
probes and microwave interferometers .  As found by previous 
investigators , the electron temperature  remains significantly 
higher than the heavy -partic1 e translational temperature.  
58 
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Electron thermal  energy t r ans fe r  with the translational,  rotational 
and vibrational degrees  of f reedom of N2 a r e  shown to control 
the electron tempera ture  ra ther  than ohmic heating, thermal  
conduction and radiation heating. 
t ron  energy is the exchange with vibration. 
e lectron tempera tures  a r e  a l so  compared with calculations of 
the N vibrational temperatures .  
The p r imary  source of e lec-  
The measu red  
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